Cells of the innate immune response detect viral infection mainly by sensing viral nucleic acids either in the endosomes during the entry of the virus or in the cytosol during viral replication. Thus far, it has been established that the Toll-like receptors (TLRs) TLR3, TLR7, TLR8 and TLR9 sense viral DNA or RNA in the endosome 1-3 and the RNA helicases RIG-I, LGP2 and Mda5 sense double-stranded RNA in the cytosol [4] [5] [6] [7] . Many sensors of cytosolic viral DNA have been identified. RIG-I senses cytosolic DNA (B-form DNA) via RNA polymerase III to trigger responses by transcription factor IRF3-dependent type I interferon 8, 9 . AIM2 senses cytosolic DNA (B-form DNA) by activating inflammasome responses via the adaptor ASC [10] [11] [12] [13] [14] [15] [16] . Although the adaptor STING (also called TMEM173, ERIS, MPYS or MITA) has an essential role in sensing cytosolic DNA [17] [18] [19] , the upstream sensors that directly bind the cytosolic DNA remain unknown. IFI16, an AIM2-like molecule, uses STING for sensing cytosolic DNA 20 . Notably, knockdown of IFI16 expression leads to slightly lower interferon-β (IFN-β) responses to cytosolic DNA, whereas knockdown of STING expression leads to much lower IFN-β responses to cytosolic DNA, which suggests the presence of additional DNA sensors in the innate immune system. Direct biochemical approaches with immunoprecipitation assays and mass spectrometry have identified nucleic acid sensors in the DExD/H-box helicase superfamily in both plasmacytoid dendritic cells (DCs) 21 and myeloid DCs (mDCs) 22 . In plasmacytoid DCs, DHX36 and DHX9 have been identified as cytosolic CpG-DNA sensors that pair with the adaptor MyD88 to trigger type I interferon responses 21 . In mDCs, a three-helicase DDX1-DDX21-DHX36 complex has been identified as a sensor of the synthetic RNA duplex poly(I:C) in the cytosol that pairs with the adaptor TRIF to trigger type I interferon responses 22 . Those data prompted us to undertake a bioinformatics analysis in which we identified 59 members of the DExD/H-box helicase superfamily, including the RIG-I-like receptor subfamily (RIG-I, Mda5 and LGP-2). We therefore hypothesized that the DExD/H-box helicase superfamily may be more important in sensing microbial nucleic acids than previously thought.
A r t i c l e s
Cells of the innate immune response detect viral infection mainly by sensing viral nucleic acids either in the endosomes during the entry of the virus or in the cytosol during viral replication. Thus far, it has been established that the Toll-like receptors (TLRs) TLR3, TLR7, TLR8 and TLR9 sense viral DNA or RNA in the endosome [1] [2] [3] and the RNA helicases RIG-I, LGP2 and Mda5 sense double-stranded RNA in the cytosol [4] [5] [6] [7] . Many sensors of cytosolic viral DNA have been identified. RIG-I senses cytosolic DNA (B-form DNA) via RNA polymerase III to trigger responses by transcription factor IRF3-dependent type I interferon 8, 9 . AIM2 senses cytosolic DNA (B-form DNA) by activating inflammasome responses via the adaptor ASC [10] [11] [12] [13] [14] [15] [16] . Although the adaptor STING (also called TMEM173, ERIS, MPYS or MITA) has an essential role in sensing cytosolic DNA [17] [18] [19] , the upstream sensors that directly bind the cytosolic DNA remain unknown. IFI16, an AIM2-like molecule, uses STING for sensing cytosolic DNA 20 . Notably, knockdown of IFI16 expression leads to slightly lower interferon-β (IFN-β) responses to cytosolic DNA, whereas knockdown of STING expression leads to much lower IFN-β responses to cytosolic DNA, which suggests the presence of additional DNA sensors in the innate immune system. Direct biochemical approaches with immunoprecipitation assays and mass spectrometry have identified nucleic acid sensors in the DExD/H-box helicase superfamily in both plasmacytoid dendritic cells (DCs) 21 and myeloid DCs (mDCs) 22 . In plasmacytoid DCs, DHX36 and DHX9 have been identified as cytosolic CpG-DNA sensors that pair with the adaptor MyD88 to trigger type I interferon responses 21 . In mDCs, a three-helicase DDX1-DDX21-DHX36 complex has been identified as a sensor of the synthetic RNA duplex poly(I:C) in the cytosol that pairs with the adaptor TRIF to trigger type I interferon responses 22 . Those data prompted us to undertake a bioinformatics analysis in which we identified 59 members of the DExD/H-box helicase superfamily, including the RIG-I-like receptor subfamily (RIG-I, Mda5 and LGP-2). We therefore hypothesized that the DExD/H-box helicase superfamily may be more important in sensing microbial nucleic acids than previously thought.
RESULTS

The helicase DDX41 senses B-form in mDCs
By screening all 59 members of the DExD/H family of helicases through the use of small interfering RNA (siRNA), we found that knocking down expression of the helicase DDX41 in the mouse splenic mDC line D2SC led to over 90% lower IFN-β responses to poly(dA:dT) delivered via lipofection (data not shown). We confirmed those data by stable knockdown of DDX41 expression through the use of short hairpin RNA (shRNA) in this mDC line. Three distinct DDX41-targeting shRNA constructs efficiently knocked down expression of DDX41 protein without affecting the expression of STING, RIG-I or IPS-1 (Fig. 1a) . Likewise, targeting STING, RIG-I or IPS-1 with shRNA specifically knocked down expression of the targeted protein without altering the expression of untargeted proteins. When stimulated with B-form DNA delivered via lipofection, D2SC mDCs in which RIG-I or IPS-1 was knocked down produced abundant IFN-α and IFN-β, tumor necrosis factor (TNF) and interleukin 6 (IL-6), whereas these cytokine responses were considerably attenuated in D2SC cells in which DDX41 or STING was knocked down (Fig. 1b and Supplementary Fig. 1a) . In contrast, the production of IL-1β in response to B-form DNA, which is dependent on AIM2 (refs. 10-15), was not affected by knockdown of DDX41 or STING in D2SC mDCs (Supplementary Fig. 1a) . We next investigated whether DDX41 also has a role in sensing poly(dG:dC) in D2SC mDCs. We found that knocking down DDX41 or STING resulted in over 98% less production of IFN-α, IFN-β and IL-6 and over 80% less production of TNF by mDCs in response to poly(dG:dC) delivered via lipofection ( Fig. 1c and Supplementary Fig. 1b ). In contrast, knocking down RIG-I or IPS-1 had no effect on the production VOLUME 12 NUMBER 10 OCTOBER 2011 nature immunology A r t i c l e s of these cytokines. Although knockdown of DDX41 or STING had little effect on the production of IFN-α, IFN-β, IL-6 or TNF by D2SC mDCs in response to poly(I:C), knockdown of RIG-I or IPS-1 led to attenuated cytokine responses to poly(I:C) by D2SC mDCs (Fig. 1d and Supplementary Fig. 1c ). These data suggest specificity for DDX41 and STING in the response to cytosolic DNA.
DDX41 senses DNA virus in mDCs
To determine whether DDX41 has a role in sensing viral infection, we knocked down DDX41, STING, RIG-I or IPS-1 in D2SC mDCs and cultured the cells with herpes simplex virus type 1 (HSV-1; Fig. 1e and Supplementary Fig. 1d ) or influenza A virus ( Fig. 1f and  Supplementary Fig. 1e) . The results of quantitative PCR analysis of HSV-1 DNA indicated that the cells were cultured with equivalent amounts of virus (Supplementary Fig. 1f ). D2SC mDCs in which DDX41 or STING was knocked down lost the ability to produce large amounts of type I interferon, IL-6 or TNF in response to HSV-1 ( Fig. 1e and Supplementary Fig. 1d ) but had normal cytokine responses to influenza A virus ( Fig. 1e and Supplementary 1e) . D2SC mDCs in which RIG-I or IPS-1 was knocked down had normal cytokine responses to HSV-1 ( Fig. 1e and Supplementary Fig. 1d ) but had much lower responses to influenza A virus ( Fig. 1f and Supplementary Fig. 1e ). Control D2SC mDCs treated with scrambled shRNA had normal cytokine responses to both HSV-1 and influenza A virus (Fig. 1e,f and Supplementary  Fig. 1d,e) . To determine whether DDX41 has an important role in antiviral defense, we measured the replication of HSV-1 DNA in the cells 
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by quantitative PCR. The replication of HSV-1 was much greater in D2SC mDCs in which DDX41 was knocked down (Supplementary Fig. 1g ), which indicated an important role for DDX41 in suppressing infection with DNA viruses. Although DHX9 and DHX36 sense cytosolic CpG DNA in plasmacytoid DCs 21 , D2SC mDCs in which DHX9 or DHX36 was knocked down had normal cytokine responses to B-form DNA ( Supplementary Fig. 1h ,i), which indicated that these two helicases have no role in sensing B-form DNA in mDCs.
DDX41 senses cytosolic DNA in bone marrow-derived DCs
To determine whether the DDX41 senses cytosolic DNA in primary cells, we prepared mDCs derived from bone marrow with granulocytemacrophage colony-stimulating factor (GM-CSF) and treated these bone marrow-derived DCs (BMDCs) with shRNA targeting DDX41, STING, RIG-I or IPS-1. We then assessed the specificity and efficiency with which the expression of DDX41, STING, RIG-I or IPS-1 protein was knocked down through the use of shRNA in the BMDCs (Fig. 2a) . We stimulated those BMDCs with poly(dA:dT), poly(dG:dC), Listeria monocytogenes, adenovirus, HSV-1, poly(I:C) or influenza A virus and measured IFN-α and IFN-β in the culture supernatants by enzyme-linked immunosorbent assay (ELISA). BMDCs in which DDX41 or STING was knocked down had lower IFN-α and IFN-β responses to poly(dA:dT), poly(dG: dC), L. monocytogenes, adenovirus and HSV-1 than did BMDCs treated with scrambled shRNA (Fig. 2b-f ). BMDCs in which DDX41 or STING was knocked down produced normal amounts of IFN-α and IFN-β in response to poly(I:C) or influenza A virus ( Supplementary Fig. 2 ). In contrast, BMDCs in which RIG-I or IPS-1 was knocked down produced normal amounts of IFN-α and IFN-β in response to DNA itself or DNA virus and produced much less IFN-α and IFN-β in response to poly(I:C) or influenza A virus. These results confirmed published studies showing that RIG-I and IPS-1 have important roles in sensing poly(I:C) and influenza A virus but they are not involved in sensing DNA itself or DNA virus in mDCs 8, 9 . To determine whether DDX41 regulates the expression of interferon-inducible genes, we compared the mRNA expression profiles of BMDCs in which DDX41 or STING was knocked down or BMDCs treated with scrambled shRNA after activation with poly(dA:dT). Knockdown of DDX41 or STING prevented the induction of type I interferon-induced gene expression activated by the poly(dA:dT) (Supplementary Table 1 ). These data indicate that DDX41 has a critical role in sensing DNA in BMDCs and that STING functions downstream of DDX41 as a key adaptor molecule for signaling.
DDX41 senses DNA viruses and DNA in human monocytes
A published study has identified IFI16 as a sensor of DNA in human monocytes through the use of a biotin-labeled vaccinia virus DNAprecipitation method 20 . To determine whether the human DDX41 senses viral DNA in human monocytes, we treated THP-1 cells, a human monocyte cell line, with shRNA targeting DDX41, IFI16 or STING and confirmed that expression of the targeted protein was knocked down (Fig. 3a) . After knockdown of DDX41, IFI16 or STING in THP-1 cells, we stimulated the cells with vaccinia virus DNA, HSV-1 DNA, poly(dG:dC) or HSV-1 and measured IFN-β and IL-6 in the culture supernatants by ELISA. Knockdown of DDX41 or STING in THP-1 cells eliminated the ability to produce large amounts of IFN-β and IL-6 in response to DNA or HSV-1 ( Fig. 3b-e) . However, knockdown of IFI16 in THP-1 cells led to slightly lower responses of IFN-β and IL-6 to DNA or HSV-1, which confirmed the results of a published study showing that IFI16 has a moderate role in viral DNA sensing 20 .
To clarify the overlapping functions of DDX41 and IFI16, we assessed the expression profiles of DDX41, IFI16 and IFN-β in THP-1 cells. Although DDX41 was constitutively expressed in THP-1 cells, IFI16 was induced mainly after activation with poly(dA:dT) (Fig. 3f ) . We detected substantial induction of IFN-β after 4 h of stimulation, whereas we detected induction of IFI16 after 8 h of stimulation. Although knockdown of DDX41 blocked the induction of IFI16 after stimulation with poly(dA:dT), knockdown of IFI16 had no effect on DDX41 expression. These data indicate that DDX41 is more important than IFI16 in the initial sensing of B-form DNA and in triggering the early burst of the type I interferon response. 
DDX41 binds DNA through a DEADc domain
To determine whether DDX41 directly binds DNA, we transfected HEK293T human embryonic kidney cells with plasmid encoding hemagglutinin (HA)-tagged DDX41, STING or DHX9 recombinant protein, followed by purification with beads linked to antibody to HA (anti-HA). We incubated each purified helicase with biotin-labeled poly(dA:dT), poly(dG:dC) or poly(I:C), followed by the addition of avidin beads. Only recombinant DDX41 was immunoprecipitated by avidin beads plus poly(dA:dT) or poly(dG:dC) (Fig. 4a) , which indicated that DDX41 bound DNA directly. To further determine whether DDX41 bound bacterial DNA in the infected cells, we analyzed L. monocytogenes-infected BMDCs by chromatin immunoprecipitation. These data showed that DDX41 directly bound the L. monocytogenes gene encoding phosphoribosyl pyrophosphate synthetase (Supplementary Fig. 3a) . To map the DNA-binding site of DDX41, we prepared truncated versions of DDX41 that we then tested in immunoprecipitation experiments with biotin-labeled DNA. The results of these experiments indicated that the DEADc (Asp-Glu-Ala-Asp) domain of DDX41 bound poly(dA:dT) and poly(dG:dC) (Fig. 4b) . To determine the binding specificity of DDX41, we did immunoprecipitation competition experiments with increasing amounts of unlabeled poly(dA:dT), poly(dG:dC) or poly(U). We found that only unlabeled DNA blocked the binding of biotin-labeled DNA to DDX41 (Fig. 4c) . To exclude the possibility that DDX41-containing samples purified from HEK293T cells contained other DNA-binding proteins that mediated the interaction between DDX41 and DNA, we expressed histidinetagged full-length DDX41 or DDX41 with deletion of the DNA-binding domain in Escherichia coli, purified the tagged proteins and assessed them in immunoprecipitation experiments with biotin-labeled poly(dA:dT) (Supplementary Fig. 3b ). Only histidine-tagged full-length DDX41 bound poly(dA:dT) (Supplementary Fig. 3c ), which indicated that DDX41 binds DNA through the DEADc domain. To determine whether the binding of DDX41 to DNA substrates was dependent on nucleotide composition or length, we used biotin-labeled vaccinia virus DNA or poly(dG:dC) of various lengths to immunoprecipitate purified HA-tagged DDX41 protein. Vaccinia virus DNA and poly(dG:dC) of various lengths precipitated DDX41 (Fig. 4d) . Furthermore, poly(dG:dC) 25, 50 or 100 nucleotides in length was able to activate an interferon response in D2SC cells (Fig. 4d) . This response was substantially attenuated by knockdown of DDX41 or STING (Fig. 4e) . To determine whether stimulation with DNA modified the binding activity of endogenous DDX41, we incubated D2SC cells for 0 or 60 min with biotin-labeled poly(dA:dT). We prepared whole-cell lysates from the treated D2SC cells and subjected the lysates to precipitation with avidin-conjugated beads. We detected proteins bound to biotin-labeled poly(dA:dT) with antibody to DDX41, p204 (the mouse ortholog of IFI16) or RIG-I. We constitutively detected the DDX41-DNA complex in mDCs (Fig. 4f) . Unlike the gene encoding p204, the gene encoding DDX41 was not interferon inducible ( Supplementary Fig. 4 ).
'Rescue' of the defect induced by DDX41-specific siRNA To determine whether recombinant DDX41 was able to 'rescue' the defect in DNA-activated cytokine production caused by siRNA-mediated knockdown of DDX41, we individually expressed HA-tagged full-length or truncated DDX41 protein (lacking the DNA-binding domain) in D2SC cells in which DDX41 was knocked down through the use of siRNA (Fig. 5a ). This siRNA selectively targeted the 3′ untranslated region of DDX41 mRNA. Therefore, only the expression of endogenous DDX41 was knocked down. Only full-length DDX41 was able to restore the IFN-β responses to both poly(dA:dT) and poly(dG:dC) (Fig. 5b) . DDX41 with deletion of the DNA-binding domain failed to restore these responses. These data indicate that the DNA-binding activity of DDX41 is necessary for eliciting the interferon response to cytosolic DNA.
Interaction of DDX41 with STING Because DDX41 and STING seemed to have a similar role in sensing DNA, we next investigated the potential interaction between DDX41 and STING in mDCs. We immunoprecipitated proteins from resting D2SC mDCs or poly(dA:dT)-activated D2SC mDCs with anti-DDX41. DDX41 precipitated endogenous amounts of STING and TBK1 in both resting D2SC mDCs and poly(dA:dT)-stimulated D2SC mDCs (Fig. 6a) . In contrast, anti-DDX41 did not precipitate p204 or IPS-1. Notably, more STING and TBK1 were precipitated by anti-DDX41 in mDCs after stimulation with DNA (Fig. 6a) .
To map the STING-binding sites of DDX41, we incubated recombinant HA-tagged STING with purified recombinant Myc-tagged DDX41 or STING, followed by precipitation with anti-HA beads. We found that recombinant DDX41 bound to recombinant STING (Fig. 6b) . Immunoprecipitation of Myc-tagged STING showed that the DEADc domain of DDX41 bound STING (Fig. 6c) . Likewise, we prepared truncated versions of STING and assayed them by immunoprecipitation to identify the DDX41-binding site of STING. We found that the region spanning the second to fourth transmembrane domains of STING interacted with DDX41 (Fig. 6d) .
DDX41 and STING facilitate interferon induction
To further confirm the role of DDX41 in sensing cytosolic DNA, we overexpressed DDX41 or STING in the mouse fibroblast cell line L929 containing a luciferase reporter linked to the Ifnb promoter. We found that overexpression of DDX41 or STING led to more activation of the Ifnb promoter in L929 cells. Transfection of L929 cells with 20 ng of expression vector for DDX41 or STING led to twofold more activation of the Ifnb promoter (Fig. 6e) . In contrast, overexpression of IPS-1 did not result in more activation of the Ifnb promoter in L929 cells, although overexpression of IPS-1 led to such activation in HEK293T cells (Supplementary Fig. 5) . Notably, overexpression of both DDX41 and STING together had a synergistic effect in promoting activity of the Ifnb promoter (Fig. 6e) .
The Walker motifs in DDX41 are essential to sense DNA To determine whether the Walker A or Walker B motif in DDX41 was required for binding DNA, we prepared HA-tagged DDX41 mutants with deletion of the Walker A or Walker B motif and analyzed these in immunoprecipitation experiments with biotin-labeled poly(dG:dC) or Myc-tagged STING (Fig. 7a) . The results of these assays indicated that the DEADc domain of DDX41 without the Walker A motif or without the Walker B motif did not bind DNA or STING (Fig. 7b) . To further confirm the role of these motifs in the sensing of DNA by DDX41, we overexpressed full-length or mutant DDX41 in the L929 Ifnb luciferase reporter cell line described above. We found that overexpression of mutant DDX41 without the Walker A motif or without the Walker B motif was not able to activate the Ifnb promoter. Notably, overexpression of DDX41 lacking the HELICc domain led to more activation of the Ifnb promoter than did expression of full-length DDX41 (Fig. 7c) .
DDX41 localizes together with STING in the cytosol
Because anti-DDX41 and anti-STING for cell staining are not available, we expressed HA-tagged DDX41 together with Myc-tagged STING in HEK293T cells to visualize their subcellular localization. DDX41 and STING did not localize together with nuclear staining; instead, DDX41 localized together with STING and the endoplasmic reticulum (Fig. 8a, top row) , which suggested that the DDX41-STING complex was located in the cytosol. Furthermore, after stimulation with poly(dA:dT), there was lower expression of DDX41 and STING in the endoplasmic reticulum and mitochondria and higher expression of DDX41 and STING in endosomes identified by staining for the early endosome marker TfR and late endosome marker LAMP-1 (b) ELISA (as in Fig. 1a ) of IFN-β in D2SC mDCs either left untreated and unstimulated (N-STM) or treated as in a and stimulated for 16 h with poly(dA:dT) (1 µg/ml), poly(dG:dC) (1 µg/ml) or poly(I:C) (2.5 µg/ml). Data are from at least three independent experiments. A r t i c l e s (Fig. 8a , second row, and Supplementary Fig. 6a,b) , which confirmed a similar published observation 18, 19 . In contrast, the DDX41 mutant lacking the STING-binding site did not localize together with STING ( Fig. 8a, third and bottom rows) . Fractionation analysis subsequently demonstrated that DDX41 and STING fractionated together with microsome fractions, mitochondria-associated endoplasmic reticulum membrane fractions and mitochondria fractions in D2SC cells under unstimulated conditions (Fig. 8b) . After stimulation with DNA, DDX41 and STING associated mostly with microsome fractions.
DNA triggers downstream signaling through DDX41
It has been shown that overexpression of STING in HEK293T cells results in robust activation of the promoters of Ifnb, Irf3 (which encodes the transcription factor IRF3) and Nfkb1 (which encodes the p50 subunit of transcription factor NF-κB) 18 . We investigated whether downstream signaling by DDX41 and STING in BMDCs induced by cytosolic poly(dA:dT) or poly(dG:dC) DNA involves mitogen-activated protein kinases and activation of NF-κB and IRF3. Using control BMDCs and BMDCs in which DDX41 or STING was knocked down, we stimulated cells with poly(dA:dT), prepared total cell extracts and analyzed them by immunoblot ( Fig. 8c and Supplementary Fig. 7) . In control BMDCs, we detected phosphorylation of the kinases Erk1/2, p38 and TBK1 and the p65 subunit of NF-κB and IRF3 at 60-120 min after DNA stimulation. In contrast, phosphorylation of Erk1/2, p38, TBK1, p65 and IRF3 was barely detectable in BMDCs in which DDX41 or STING was knocked down. Furthermore, we observed that stimulation with cytosolic DNA did not activate phosphorylation of the kinase Jnk. These data suggest that DDX41 and STING are required for activation of intracellular mitogen-activated protein kinases, NF-κB and interferon-response signal-transduction pathways after stimulation with cytosolic DNA.
DISCUSSION
Published studies have identified three molecular sensors for cytosolic DNA: DAI 23 , RNA polymerase III 8, 9 and IFI16 (ref. 20) . However, cells derived from DAI-deficient mice respond normally to B-form DNA and infection with DNA viruses 24, 25 . In addition, the ability of RNA polymerase III to sense cytosolic DNA is dependent on RIG-I and IPS-1 in HEK293T cells 8, 9 , and IPS-1-deficient mice have normal cytokine production in response to DNA 26, 27 . A human hepatoma cell line (Huh-7.5.1) that does not express functional RIG-I still has cytokine responses to HSV-1 (ref. 28) . Although IFI16 has been shown to use STING for sensing cytosolic DNA, knockdown of IFI16 only led to slightly lower IFN-β responses to cytosolic DNA, whereas knockdown of STING led to a more complete blockade of such responses. Collectively, these results suggest the presence of additional DNA sensors in the innate immune system. Two additional sensors for DNA and/or RNA in the DExD/H-box helicase superfamily have been identified by immunoprecipitation of DNA or RNA and mass spectrometry. That, together with the fact that RIG-I, Mda5 and LGP2 belong to a subfamily of the DExD/ H-box helicase superfamily, suggests that helicases may have a much broader role in sensing nucleic acids than previously appreciated. By siRNA screening of all 59 helicases, we have now identified DDX41 as an additional sensor of cytosolic DNA in mDCs with an important role in sensing DNA viruses, such as HSV-1 and adenovirus, but not RNA viruses, such as influenza A virus. DDX41 directly bound DNA and STING via its DEADc domain and triggered signaling by mitogen-activated protein kinases, TBK1, NF-κB and IRF3 in mDCs.
Our study has also suggested that DDX41 and IFI16 may have complementary roles in sensing cytosolic DNA. Although DDX41 was constitutively expressed in THP-1 cells, IFI16 was induced by stimulation with DNA. Furthermore, DDX41 formed a complex with STING in the steady state, and IFN-β was induced earlier than IFI16 in THP-1 cells, which suggests that DDX41 has a more important role than IFI16 in the initial sensing of microbial DNA and in triggering the early burst of the type I interferon response. This initial type I interferon response upregulated IFI16, which has a more important role in the amplification phase of the type I interferon response to cytosolic DNA. In eukaryotes, there is a total of 59 DExD/H helicases. The evolutionary pressure for survival after viral infection has led to a highly redundant antiviral system in the innate immune system that uses multiple sensors for the same nucleic acids, with different helicases to sense different forms of nucleic acids, and other different helicases as antiviral sensors in different cell types.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
